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ABSTRACT 

The purpose of this project was to design a new leg for the 

skitter. The skitter requires much dexterity because of the 

broad nature of its duties. It will serve am the base for a 

number of implements used for construction on the moon. A s  of 

now, these implements are a crane, a drill, a soil bagger, and a 

digger. A femur-tibia configuration was chosen because this will 

provide the skitter with much more dexterity with a minimum 

amount of added complexity. 

Each part of the leg is of a space truss design. The 

individual members are constructed of a boron/epoxy composite for 

weight savings while maintaining high etrength. The members are 

connected by titanium joint fittings. 

Pin joints lubricated by Teflon'" are used at the leg 

J A - J  Y I b a  -4.- LO. There 2s S I Z ~  zeving jrr int  b e t w e e n  t h e  femur and the 

skitter body and another between the femur and the tibia. A 

solid lubricant was chosen for trouble free operation. 

Appropriate devices are used to protect the solid lubricant 

bearings from the lunar environment. 

Relative motion will be provided by ball screw actuators. 

These were chosen because they are the present actuator of choice 

for space applications. The actuators will be driven by A C  

m o t o r s  and will have brakes eince they are not self-locking. 

A somewhat spherical foot is used at the end of the leg to 

provide for good traction at all leg angles with respect to the 



ground. The foot has been deeigned with no moving parte to 

increase its reliability. 



PROBLEX STATEXENT 

BACKGROUND 

The purpose of this project is to alter the existing leg 

design of a three-legged mobile platform intended to operate on 

the lunar surface. The intent in doing this le to add dexterity 

to the support system while adding a minimum amount of complexity 

to the deeign. The design will incorporate a multi-jointed leg 

of the femur-tibia configuration. This project will seek to 

optimize this configuration by taking into account all pertinent 

parameters including but not limited to material, stresses, 

structure, and mobility. 

PERFORMANCE 

1, T h e  leg should heve a four meter vertical stroke somewhere 

along its travel. 

2. The leg should withstand all loads from any implements that 

are planned to be attached to the skitter. 

3. The leg should allow the skitter to walk up and down and 

traverse specified slopes. 

4. The leg should be designed for minimum weight thus reducing 

its transportation cost and energy requirement during operation. 



. .  

5. The leg should be designed for maximum possible strength. 

6. The leg should be built at minimum life-cycle cost. 

7. The leg should be of minimum complexity / maximum 

reliability. 

8. The leg should place the center of gravity of the skitter as 

low as possible during normal operations. 

9. The actuators used should have a fast enough stroke to 

perform their required task. 

CONSTRAINTS 

1. The leg should be able to operate in the lunar environment; 

specifically, it should vithstand a hard vacuum and temperatures 

ranging from -200F to 200F. 

2. The skitter must fit in the shuttle cargo bay area. 

3. The resonant frequency of the leg must be euitable for 

transporting on the shuttle. 

4. It is desired that the'skitter have a 6 m  max clearance. 

-- 4 -- 



DESCRIPTION 

The skitter will be a multi-use platform which, as of now, 

is intended mainly for construction work on the lunar surface. 

It will have several Implements that can be attached to it 

through an interface, which will transfer loadr from the 

implement to the skitter's frame. A s  of now, the Implements 

being designed for attachment to the skitter are a digger, a 

drill, a crane, and a soil bagger. Because of-the multifarioue 

capabilities of these implements, the skitter's design has many 

jobs to perform. 

For instance, for the digger it is necessary that the lege 

of the skitter can be moved as far as pO6dble from the digging 

area. This is done to provide the digger with a maximal work 

envelope so that little time is spent maneuvering around the 

legs. Also, it is desired that the skitter be as high a6 

possible for the same reason of providing a large work envelope. 

For the drill, the main requirement was that a four meter 

vertical stroke could be obtained solely by movement of the 

skitter. This vas required so that the drill would not require 

any hardware to provide for vertical movement. Also, the ekltter 

must be able to absorb the torques produced from drilling. 

For the crane, the skitter will serve as an outrigger. . The 

legs will be splayed out to approximately seventy percent of 

their full reach. This is the most demanding job of the skitter 

as it is desired that 4000 moon pounds be the capacity of the 



I crane. However, it was found that to accommodate this load the 

legs and actuators of the skitter have to be grossly overdesigned 

with respect to the requirements of the other implements (see 

Conclusions and Recommendations, and Appendix la). 

The soil bagger leviee the smallest requirements from the 

skitter. The soil bagger needs horizontal movement in order to 

scrape the ground to obtain soil. The skitter le not able to 

I provide much horizontal movement by swaying, it would have to 
I 
, pick its legs up and replant them. Since this was not acceptable 
I 

for the soil bagging implement, they designed the horizontal 

movement into their implement. Therefore, the skitter serves the 

soil bagging implement only'as a mode of transportation. 

In order to better satisfy the above requirements, the 

previous leg design needed to be changed. The old leg had one 

member and two actuators. One actuator provided for angular 

displacement relative to the skitter frame and the other 

actuator, situated at the end of the leg, served as a leg 

extender. The new leg design ha6 two members, a femur and a 

tibia, and two actuators per leg. This allows for a larger 

operating envelope of the leg. 

The upper leg member, the femur, is of a space truss design 

comprised of 23 separate member6 (see Figure 1). It is 175 

centimeters wide at the point where it connects to the body, and 

100 centimeters wide at the point where it connects to the lower 

leg member, the tibia. The femur taper6 dovn like this so as to 

make the entire leg, (1.e. both members), come to a point at the 

. .  



foot. The actuators connect to the femur at approximately one 

third of the way in from each end. This was done so as to 

provide clearance for the lead screw6 of the actuators. The 

upper actuator is above the reference line connecting the femur's 

endpoints to provide for the proper angular dieplacement with a 

three meter leadscrew length. Similarly, the lower actuator le 

below the reference line to provide for the proper angular 

dieplacement of the tibia. 

In order to make the femur very etable, all polygons in the 

space truee were remoGed by croes members. Therefore, the femur 

is entirely compoeed of triangular eegmente. T h i s  provides many 

stable shear planes to abeorb torque6 impoeed on the leg. Of 

particular interest is the member which goee from one actuator 

connect point to the other. This member provide6 an excellent 

path for force tranemiseion from the foot of the leg to the body 

of t h e  skitter since a lead screw will be at each end of this 

member. 

The lower leg member, the tibia, is of a eimilar epace truee 

design but has only 14 members (eee Figure 2).  Similarly, it is 

comprieed entirely of triangular segments. The actuator connect 

point is above the reference line between endpoints to provide 

for clearance of the ectuator leadscrew and to place the outer 

member in compreseion when the skitter ie ueed a6 an outrigger 

for the crane. 

The struts composing the skitter body and legs are 

conetructed of a woven boron/epoxy composite with a honeycomb 



1 .  core. Due to material and weight savings, the members are tubes 

with a circular cross-section. The tube ends are bonded to 

semi-circular stepped titanium splice fittings and then bolted to 

titanium end joints with steel bolts, thus providing a reliable 

connection. The struts will have a plastic or ceramic coating to 

protect the composite from the lunar environment. On top of this 

coating, a reflective coating will be applied to the struts to 

I reduce the struts transmissivity and absorptivity of incident 

I radiative energy. 

The joints used at the femur-body and femur-tibia interfaces 

will provide for angular motion of the individual leg members 

with respect to each other and the skitter main body, and 

transmit axial and radial forces encountered during operation of 

the skitter (see Figure 3). These joints will be comprised of a 

pin joint supported by a combination thrust/journal bearing. A 

pin attached to one leg member will pass through a metal cylinder 

attached to the other leg member or the skitter main body. A 

solid lubricating TeflonT* based bearing material will be present 

at the rotating interface between the pin and the cylinder to 

create a low friction, tough, impact absorbing, and low wear 

joint. Resistance to contamination will be provided by labyrinth 

seals and wipers placed at the entry points of the pin into the 

cylinder and a flexible dust boot over the entire joint. 

The actuators that power the l egs  will be six identical 

reciprocating ball screw linear actuators. They will have a 

stroke of three meters, and will be powered by eight horsepower 



electric motors. The braking/holding system and position 

indicators will be an integral part of the actuator motor 

housing. The braking/holding system is required because the 

actuators by themselves are not self-locking. The position 

indicators vi11 be required by the controls system which will 

coordinate the movement of the three legs to obtain the desired 

motion of the skitter. However, as the controls system evolves, 

it may be found that a velocity or acceleration indicator may be 

more useful and a reduced order observer could be used to 

reconstruct the remaining state variables. 

The actuator vi11 be mounted by the use of trunnion pins and 

a titanium collar, allowing the actuator to swivel as necessary 

during leg member movement. The actuator motor and gearbox for 

the femur-body actuator rill be mounted on the femur. The 

leadscrev will be pinned to the skitter body (see Figure 6) .  

This was done to avoid lead6crew interference at the top of the 

skitter. The triangular area that passes through the center of 

the body must remain clear at all times because that is part of 

the operating envelope for the various implements. A l s o ,  the 

crane will attach to the top of the skitter. The other end of 

the leadscrew at times will enter the space truss of the femur 

but has clearance at all times. The motor and gearbox for the 

This femur-tibia actuator will be mounted on the tibia. 

leadscrew will be pinned to the femur and the other end will 

operate in an area outboard of the tibia. This requires a 

slightly larger clearance area around the skitter itself but was 



, 

deemed to be acceptable. 

A wiper is mounted internally to the actuator gear box to 

keep the screw clean and abrasive material out of the driving 

balls. The screw will a160 be enclosed in a concentric, 

spiral-wound metal cover to protect the =crew and driver from the 

lunar environment. This was used rather than a rubber boot 

because the lead screw tends to 'grab" the boot and pull It to 

one end during actuator motion, causing much damage to the boot. 

Electrical power for the actuators and skitter support 

systems will be provided by a modified Space Shuttle fuel cell. 

The fuel cell is powered by the combining of Hydrogen and Oxygen 

in an exothermic chemical reaction. The product of this reaction 

is fresh water, which will be callected in an onboard retention 

tank for later transfer to the moon station module and eventual 

potable water use. 

The foot, still in its conceptual stage, will be attached to 

the bottom of the tibia by a titanium block (see Figure 5 ) .  The 

three members will be placed into holes in the block and bolted 

in. Around this block will be semicircular rings, giving the 

foot a somewhat spherical appearance. This foot design was used 

because the angle between the tibia and the lunar surface will 

vary widely and the spherical shape gives the foot an optimal 

footprint regardless of the relative angle. Also, the 

semicircular rings will have some sort of 'cleats" attached so as 

to improve the traction of the foot. This design also provides 

for a very stiff foot to ground interface which will be required 



for t h e  close t o l e r a n c e s  needed by t h e  d r i l l i n g  implement. 



ANALYSIS 

Introduction 

Before an analysis of the skitter leg design is presented, 

it is necessary to acquaint the reader with the lunar environment 

in which it will be operating. This will provide the reader with 

a better understanding of the motivation behind some of the 

design decisions. 

The lunar environment is an extremely alien one, one which 

the human body is not well adapted to surviving in. 

Besides the obvious lack of an atmosphere, there are many other 

factors of the environment vhich enter into the human factors of 

any design made for use on the lunar surface. 

The moon ha6 primarily a dark grey rocky surface and is 

approximately 4.2-4.3 billion years old. Some of the lunar soils 

are a little lighter since theee were blasted up from the crust. 

The moon is composed primarily of silicate materials, with 

smaller amounts of many metal oxides. Host of the moon is 

composed of rocky layers with a very thin layer of soil, 

typically one half inch deep. There are many impacts on the 

surface, some filled in with lava from ancient volcanic activity. 

However, now there are no more major impacts since this part of 

the galaxy has been "cleaned up". 

There is some seismic activity on the moon, but it is of 

little concern since there is little surface motion. The quakes 

are caused by the tidal influence of Earth which deforms the 



rocky material of the core. It is widely believed that the 

surface motion is not great because the moon ha6 a solid core, 

unlike the Earth. 

The moon’s surface is exposed to hard vacuum because there 

are only trace amounts of various gases. These gases, primarily 

hydrogen, nitrogen, argon, and helium are captured from the solar 

wind by the moon’s gravitational field. ?lore of these gases are 

present on the dark side of the moon. Because of the lack of an 

atmosphere, the lighting on the moon is very harsh due to no 

diffusion taking place. This causes pitch black shadows to occur 

on one side of an object and the other side to be brilliantly lit 

by the light from the sun. This calls for artificial lighting of 

any work area due to the danger of obstacles or holes being where 

lunar workers could not see. Also, the temperature differential 

on an object can be up to 400 OF due to this same problem. This 

is because the daytime side of the moon is usually 200°F 2 1SOF 

and the nighttime side ie usually -2OOOF. 

Another problem caused by no atmosphere is that there is no 

transmission of sound. Any communications on a lunar site will 

have to be by radio. 

Lea Shape 

In coming up vith the deeign for the leg, the first factor 

that was considered was the optimum ratio of the lengths of the 

femur and tibia to the total length. It was apparent that it 

would be close to a 50/50 ratio. Since the upper joint is above 



the usable sweep area for the leg, the ratio would be a little 

different though. 

A program was developed that plotted the path that the end 

of the leg took as the tibia was swept through its full travel. 

Then the femur was incremented a set number of degrees and the 

tibia was swept once again (see Appendices 3b,4a). Using this 

program, a ratio of 42/58 was chosen, This gave the leg a full 

length of 8.33 meters, 3.5 meters for the femur and 4.83 meters 

for the tibia. However, this path gave the largest envelope 

possible for the leg. It did not account for the fact that the 

legs angular displacements would be limited by actuator length, 

Theref ore, after the actuator length was calculated (see 

actuator analysis), the program was ran again with the actuator 

constraints. The optimum ratio for the leg members then became 

SO/SO.  This gave the leg a full length of 8 . 5  meters, with 4.25 

meters for each l eg  segment (see Figure 7 and Appendix 3a). 

Because err' the configuration of the jo ints ,  it can be shown 

that any point in the sweep area can be reached from any other 

point in the sweep area along any arbitrary path that remains in 

the sweep area, Since this is true, the sweep area also will 

show you the maximum vertical stroke obtainable at any given foot 

position. For example, looking at Figure 7, when the foot is 

five meters away from the body joint, the vertical stroke 

obtainable is from zero to five meters off the ground. Also, it 

can be seen that the maximum height of the skitter above the 

ground is now approximately 5.3 meters when the legs are extended 



approximately 3.5 meters. A s  listed in the problem statement, a 

maximum height of six meter6 was desired. However, the small 

change in maximum height caused by adding the actuator travel 

limit was considered inconsequential. 

In deciding how to size the members of the leg, the forces 

imposed on the frame by the different implements were researched. 

The Soil bagger will place minimal loads of an undetermined 

amount on the skitter. The driller will place approximately 20 

Nm of torque on each leg as calculated by the driller group. 

This a l so  is a very small amount. The digger will primarily 

introduce downward forces while digging, but these were also of 

an undetermined amount, However, it became apparent after 

analyzing the crane loads that they are the most limiting factor 

in sizing the members of the legs (see Appendix la). The desired 

crane capacity is 4000 moon pounds, and the amount calculated to 

tip the skitter when the load is directly over one of the legs is 

6140 moon pounds. This load must be raised to an angle of 

approximately 6 2 O  to prevent tipping when the load is rotated so 

that it is between two legs. The load that can be lifted with no 

regard to how far the load is from the center of the skitter is 

428 moon pounds, The torque generated by the crane was small, 57 

N per leg when the legs are in the outrigger position (see 

Appendix lb). This is much more than the drill. generates, 

however. 

The normal force on the leg under the load just before 

tipping is then 7140 moon pounds, which is the weight of the 



skitter and the load. Using this force, the reaction forces on 

the legs and actuators were calculated (see Appendix IC). The 

force on the upper actuator, 142,500 N, played a major role in 

the actuator design. The magnitude of the body force, 142,350 N, 

was used in verifying that the TeflonTa bearings would withstand 

I 

1 the load (see Appendix le). 
I 

It was desired to perform a truss analysis and obtain the 

individual forces on each member in the legs, but there was not 

enough time to do this. Instead, the forces in the three lower 

members were found and a buckling analysis of the member6 in 

compression was performed (see Appendix Id). An isotropic 

modulus of elasticity was found for the boron/epoxy composite and 

using this value in the buckling formulas an outside diameter of 

2.64" was calculated. The wall thickness was assumed to be one 

tenth of the outside diameter. Using the thickness calculated 

for buckling considerations, the static stress of the members in 

tension was calculated. The stress w a s  much less than the yield 

strength of the boron/epoxy (see Appendix Id). 

I 

Material Selection 

Composites were considered for this project due to their 

light weight and high strength. Through continued research, the 

feasibility of composites in space applications has become 

apparent. A boron/epoxy compoeite was chosen for these reasons 

and for its material properties. 

The boron/epoxy structure can operate in the large 



temperature gradient of space without affecting the integrity of 

the material properties. Also, once cured, the structure should 

not fail when operated within the design parameters. In fact, 

the weakest part of the structure will be the joints. It is for 

this reason that a titanium joint that is bonded to and co-cured 

with the boronlepoxy tubes was chosen. 

Once the leg was designed, the tube diameter was computed 

from buckling formulas, and found to be 2.64' outer diameter with 

a 2.37" inner diameter. Because the tube wall is fairly thick, 

0.27", it was decided that there would be a honeycomb core of 

0.172" sandwiched between the boron/epoxy walls (see Figure 4). 

This is allowable because the central layers of the composite 

would not carry a load in such a wall. The honeycomb core 

provides a weight and cost savings as well as adding some extra 

strength in the direction of the honeycombs. 

The boron/epoxy tubes are fabricated by a process used by 

Grumman Aerospace Corporation in which the plies are convolute 

wrapped on a male mandrel, transferred to a female mold, and then 

autoclave cured. Transferring to a female mold eliminates fiber 

wrinkling and residual fiber stresses which occur in parts cured 

on a male mandrel. The plies are made of a woven boron, which 

provides an isotropic material. The titanium splice fittings are 

installed, then the boron/epoxy is wrapped over the splice 

fittings, completing the layup process. The tubes with the end 

fittings are then autoclave cured using the standard laminating 

cycle, and then oven post-cured, which completes the process. 

17 -- -- 



The semi-circular splice fittings are then electron beam welded 

together, with the welding stopping approximately one half inch 

from the boron/epoxy which prevents overheating of the composite. 

The boron/epoxy tube with titanium end fitting is shown in Figure 

8. 

To assemble the skitter, the titanium end fittings are 

fitted over the titanium end plate and bolted with 220 HT steel 

bolts. This is demonstrated in Figure 9. 

The extreme vacuum of space dries out composite materials 

which adversely affects their material properties. Therefore a 

surface coating to retard outgassing will be added. A plaetic or 

ceramic coating can be used, and a plastic is recommended since 

it would be more durable. 

Finally, to reflect solar radiation and keep parts from 

heating up, a coating such as aluminum plated mylar is applied to 

the structure. 

Joints 

Successful operation of the skitter in the lunar environment 

requires that suitable mechanical joints be designed and 

constructed. These joints will be needed to allow relative 

angular motion between leg components during movement and to 

transmit the forces that are encountered during normal operation. 

Before beginning the design, environmental demands and 

performance demands were determined to facilitate selection of 

joint type and materials. The severity of the lunar environment 



I 

demands the following of any joint design: 

protection from contamination 

functions over a wide temperature range 

indifference to radiation 

resistance to cold welding 

lubricant with a low vapor pressure 

thermal stability. 

Some of the performance demands for the skitter joints are: 

high load capability 

impact resistance 

vibration damping 

dissipation of generated heat 

long life (i,e, low wear rate). 

The difficulty of servicing the skitter in the lunar environment 

demands characteristics of the jointe such as: 

high reliability 

simplicity 

self lubrication 

low wear of moving parts, 

With these demands in mind, joint types and bearing 

configurations were evaluated to determine their suitability to 

the environment and task. Pin joints combined with 

journal/thrust bearings were selected because of their widespread 



use and their general simplicity, reliability,m and load carrying 

capability. These joints will be required at the point of 

connection between the skitter main body and the femur and 

between the femur and the tibia of each leg. 

Joint structure material was considered based on the 

criteria of high strength and low weight. Haterials that best 

meet these two criteria are aluminum, titanium or beryllium 

alloys. Titanium alloy construction was selected for the pin and 

joint cylinder because it may be bonded with the boron/epoxy 

composite material selected for the leg structure. 

, 

Some form of lubrication will undoubtedly be needed to 

insure smooth operation of the joints. However, in the lunar 

environment atmospheric pressure is virtually zero (approx. lo-*= 

torr). This condition makes the use of traditional lubrication 

methods such as grease or oil impossible as their vapor pressures 

are much too high. solid lubricants are a promising alternative 

hecsuee =f their low vapor pressure, thermal stability, and 

resistance to radiation. Of the solid lubricants, metals were 

disregarded because of their generally poor wear resistance. Any 

solid lubricant must show extremely low wear in order to achieve 

the reliability and long life required of the joint. Elimination 

of the metallic solid lubricant6 leaves the plastics, 

thermoplastics, and the thermosetting resins as possible solid 

lubricant materials. The fluorocarbons are excellent materials 

for use in the lunar environment. PTFE, in particular, more 

commonly known by its trade name Teflon'", possesses some of the 



best properties of any non-metallic solid lubricant. Some of its 

properties include: 

lowest coefficient of friction of any plastic 

coefficient of friction inversely proportional to load 

excellent resistance to radiation (threshold of 

detectable damage is around 2 x loc rad) 

low vapor pressure (1 x lo-" atm at 26OOF) 

self lubricating 

excellent heat resistance 

useful at low temperature 

shock resistant and vibration damping. 

Disadvantages of PTFE include low thermal conductivity, low 

compressive strength, and high thermal expansion. However, these 

disadvantages can be overcome by modifying the virgin PTFE 

through special fabrication techniques and the addition of 

fillers. Based on the above information, PTFE wiil be utilized 

as a solid lubricating bearing material at the location of 

sliding contact between the pin'and the joint cylinder. 

There remain additional environmental and performance 

factors to be dealt with. The joint for the skitter will have to 

contend with potential contamination by lunar soil. Introduction 

of lunar soil into the area of sliding contact in the joint will 

adversely affect joint life. The use of labyrinth seals is a 

viable sealing method in journal bearings applications. Since 

the only mode of transport for lunar soil particles is their 



kinetic motion, a labyrinth seal and a wiper combined with a 

flexible dust boot covering the joints will be used to protect 

the skitter joints from possible contamination. 

Dissipation of heat generated in the joint by friction 

during sliding is another problem to be considered in the joint 

design, Temperature rise at the sliding interface will depend on 

load, friction coefficient, and thermal. conductivity of the 

bearing material. Control of surface temperature is important 

because the TeflonTm will soften as its crystalline melting point 

is approached, resulting in a drastic increase in wear. The 

crystalline melting point of PTFE is 327OC. Selection of 

Teflonfm as bearing material will decrease the contribution to 

surface temperature by friction at the sliding interface because 

'of its l o w  friction coefficient, but will increase the 

contribution by thermal conductivity because of its low 

conductivity . The solution to this problem lies in the 

modification of the TeflonT* by addition of ffllers and the 

utilization of some special fabrication techniques. A bronze 

impregnated, woven PTFE or PTFE impregnated bronze fiber will be 

utilized for bonding to the inside of the titanium joint cylinder 

as the bearing surface in the skitter joints. Heat generated at 

the sliding interface will be drawn off through the titanium 

alloy pin and the TeflonTm and bronze matrix, whose thermal 

conductivity is much greater than pure TeflonfR. 

The actual size and shape of the skitter joints will be 

determined by consideration of the desired angular velocity of 



the legs, the maximum pressure that can be applied to the bearing 

material while holding wear rate to an acceptable level, and the 

expected worst case joint normal and axial loads. The 

recommended joint configuration will consist of a nominal 6 

centimeter diameter titanium alloy pin attached to the skitter 

femur at three points, two at each corner and one in between, 

which will pass through the center of two titanium cylinders 

attached to the main body. The in will be contact with the 

interior of four TeflonTm fabricated cylinders, each 

approximately 30 centimeters in length and 2 centimeters in 

thickness, which are bonded to the inside of two titanium alloy 

cylinders. Thrust plates w i l l  be located at either end of the 

pin to transfer axial loads. Thus, the joint combines aspects of 

a pin connection and a journal bearing. A labyrinth seal will be 

created by the intermeshing of plates attached in an alternating 

manner to the pin and the cylinder at the entrance of the pin 

i n t o  the cylinder. A simple wiper will a160 be present at each 

entry point. Finally, a flexible dust boot will cover the entire 

joint assembly. A similar configuration will be used for the 

joint between the femur and tibia. A prototype skitter joint 

showing the above described feature6 may be seen in Figure 3. 

Actuators 

The actuator size is dependent upon its placement on the 

legs. Placed close to the joint the actuator has a shorter 

stroke for the same amount of foot travel but thie position also 



increases the amount of axial force that the actuator must 

output. 

The actuators are placed one third of the way down the 

length of each leg. Under worst Case conditions, which is the 

crane lifting its maximum load over a leg, the actuator has an 

axial force of 31,000 pounds. 

The foot ha6 a maximum speed of 2.6 ft/sec to prevent 

tipping. An operational foot speed of 1.5 ft/sec was selected 

for this design. A foot speed of 1.5 ft/sec corresponds to an 

actuator speed of 30 ftlmin. 

The Duff-Norton Company manufactures a reciprocating ball 

screw actuator that meets these specifications. The screw is 

manufactured by Saginav Products Corporation, with the gear box 

manufactured by Duff-Norton. The actuator has a safety factor of 

1.1 and the driving motor is a 8 HP AC motor. This motor is 

manufactured by Reliance and comes with an internal brake, which 

is needed since the leadscrew is not self-lacking. See Appendix 

5 for the actuator specifications. - 

Power SupDly 

The skitter power supply must supply the needed electrical 

power for all onboard controllers and communication devices, as 

well as the actuators to move the skitter and the lights to allow 

operation in the dark or shadows. 

The skitter will have 12 lights; 2 mounted on each side, one 

mounted on each femur and one mounted on each tibia. 



The total continuous load will be 12 KW. This will power 

the lights, on board controllers and communication devices. 

Another 12 KW will be necessary to run all the actuators at once. 

The skitter will operate 10 hours per day with the actuators 

being energized for a total of one third of this time. This will 

allow 10 days of skitter operation between necessary refuelings. 

The skitter will have onboard Inverters to change the fuel 

cells DC current output to the required AC current for actuator 

operat ion. 

The fuel cell will actually consist of three separate fuel 

cell power plants, four hydrogen storage tanks and four oxygen 

storage tanks. 

Foot 

In determining a material suitable for the skitter foot, 

several conditions must be met. First, under the extreme 

temperatures of the lunar environment the materiai should have 

similar thermal expansion characteristics as the leg material 

(boron/epoxy ) . After some study, it was determined that 

titanium or a titanium alloy vas suitable for the application. 

The choice material is the titanium alloy ASTH 13265-58 T - 5  since 

it has an advantageous extreme temperature strength. Hechanical 

and thermal properties are listed in Appendix 5. 

Also important in material selection is a low density that 

will sustain large impacts as the skitter moves. Titanium fits 

this need well. 



In the design of the foot, it is important that the foot 

I provide the necessary surface contact for traction as the skitter 

moves and performs its necessary utilities. Also worth noting is 

that the foot will be contacting the surface at various angles. 

In order to meet this design need, the foot was envisioned to be 

concave toward the surface and titanium rod meshed. 
1 

The actual sizes of members is yet to be determined because 

the foot design was conceptualized later in the project. See 

Figure 5 for a conceptual drawing of the skitter foot. 

C o s t  

Two costs were analyzed : the cost of materials and the cost 

of s,hipping (see Appendix 2). The cost of the materials for 

building the skitter was reasonable at approximately three 

quarters of a million dollars. However, the cost of shipping the 

skitter to the moon was unbelievably high, approximately 148 

miiiion dollars. This amount is too high and the weight of the 

skitter must be reduced to lower this. The two focus areas for 

weight reduction are the actuator6 and the power supply. This is 

discussed in other parts of the paper. 



CONCLUSIONS AND RECOHMENDATIONS 

I 

The design of the leg satisfied many of the original design 

criteria with the exception of a few problems. 

The material chosen, boron/epoxy composite, ended up being a 

wise choice as it provides much strength at a high strength to 

weight ratio. Weight appears to be a major concern as the cost 

of shipping the skitter to the moon dwarfs the other costs (see 

Appendix 2)- However, other materials such as boron/aluminum 

could be considered. Also, at the very end of the project an 

unpublished technical paper was received from Hr. Richard Hadcock 

of Grumman Aerospace Corporation. This paper has information on 

optimizing the composite geometry that will be of interest to 

future groups. 

The truss design appears to be able to withstand the loads 

that w i l l  be imposed on the frame. However, more analysis needs 

to be performed as only the lower three members were analyzed due 

to lack of time, Even if other members need to be sized larger, 

the magnitudes of the external forces and the relative lengths of 

the members suggest that the change will be small. Also, putting 

the leg on a structural design program such as GTSTRUDL would 

enable one to analyze many different configurations for the leg 

under many different loading conditions. Doing this would 

possibly enable the elimination of some of the members, which 

would save weight. Also, fatigue analysis of the skitter frame 

needs to be performed because fatigue will be an important factor 



due to the way that the skitter is designed to move. This 

analysis needs to be performed later when more data concerning 

the operating cycle of the skitter is known. 

One area that needs more investigation is the actuator. 

With the present configuration, a very large actuator is required 

during operation of the skitter as an outrigger for the crane. 

The cost of shipping these actuators to the moon is very high and 

it is evident that lighter ones will have to be used. Also, the 

power requirement is too high since the motor required is one 

which will drive the actuator at rated load. Reducing the power 

requirement will also enable the use of a lighter power supply, 

allowing further savings on shipping costs. The Duff-Norton 

actuators are designed to move at rated load which is the reason 

such a large actuator was chosen. Duff-Norton stated that if an 

actuator was needed that did not have to move at the rated load 

of the leadscrew, it would have to be designed since all of their 

off the shelf products are designed that way. 

Possibly pinning the legs in the outrigger position would 

help alleviate this problem. Pinning the legs would take some or 

all of the force off of the actuator leadscrew. Then a smaller 

actuator could be used since it would not have to withstand as 

high a force. This is feasible since the legs do not need to 

move while in the outrigger position. Then after the crane was 

through moving objects, the legs could be unpinned. 

Another possible way to be able to use a smaller actuator is 

to move the actuator connect points so the actuators "eee" a 



smaller force. However, the leg operating envelope must be kept 

in mind when this is performed. 

The foot concept holds promise as it solves the problem of 

providing traction at all of the leg angles without having any 

moving parts, thus improving reliability. All of the forces, 

etc., still remain to be calculated on it. 
I 

, 

The pin joint at the leg joints is very simple and thus very 

reliable. This is very important because reliability is a prime 

consideration when operating in the lunar environment. A l s o ,  

TeflonTm as a lubricant should give trouble free operation. 
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Appendix 1 Caloulations 



Appendix 1 A  Crane Capacity Calculatlonr 
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Appendix 1B Torque on Skitter from Crane 
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Appendix 1C Forcer on Lege and Actuator6 
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.Appendix 1D Streerr and Buckling of Lower Leg 
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Appendix 3 A  Leg Sweep rith Acturtorr 
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Appendix 38 Leg Sweep without Actuator8 
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Appendix 3C Actuator Length Optimization 



S k i t  ter- femur R c t  u a t  or o p t  i r n i  z a t  ion 

Full 
L e n g t h  

0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.  80 
0.30 
1 I 00 
1.10 
1.20 
1.30 
1.40 
1.50 
1. 60 
1.70 
1. 80 
1.30 
2.00 
2. 10 
2.20 
2.30 
2.40 
2.50 
2. 60 
3,7Q 
2. eo 
2. 90 
3. 00 
3.10 
3. eo 
3.30 
3.40 
3.44 

Retract 
Rng 1 e 

1.37 
3.94 
5.30 
7.87 
9.85 
11.82 
13.80 
15-73 
17.78 
19.77 
21.77 
23.78 
25.73 
27.81 
29. 84 
31.88 
33.93 
36.00 
38.07 
40.16 
42. 26 
44.38 
46.51 
48.66 
50.83 
53.02 
55. E3 
57.46 
53.71 
61.93 
64. 30 
66.64 
63.01 
71.42 
72. 39 

Extend 
Rng 1 e 

3.28 
6.56 
9.05 
13.14 
16.45 
19.77 
23.11 
26.46 
29.84 
33.25 
36.69 
40.16 
43.67 
47.23 
50.83 
54.49 
58.2.1 
61.99 
65.86 
63.81 
73.86 
78.02 
82. 30 
86.73 
31.33 
36.13 

:c:. 16 
106. 47 
112.14 
110.26 
124. 98 
132.57 
141.52 
153.19 
153.61 

D e l t a  
R r i g l e  

1.31 
2. 63 
3.94 
5.27 
6.60 
7.95 
9.30 
10.68 
12. 07 
13.48 
14.92 
16.38 
17.88 
19.41 
20.93 
22.60 
24.27 
26.00 
27.79 
29.65 
31.60 
33.64 
35.79 
30.07 
40.50 
43.11 
45.95 
49-01 
52.43 
S6. 26 
60.68 
65.92 
72.51 
81.78 
87.22 



t 

Femur-t ib ia  R c t u a t o r  o p t i m i z a t i o n  

F u l l  
Length 

0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0. 00 
0.30 
1.00 
1.10 
1.20 
1.30 
1.40 
1. 50 
1.60 
1.70 
1. 00 
1.30 
2. 00 
2. 10 
2.20 
2.30 
2.40 
2. 50 
2.60 
E-. 70 
2. 00 
2. 30 
3. 00 
3.10 
3.20 
3.30 
3.40 
3.44 

R e t  r a c k  
R n g  1 e 

1.96 
3.93 
5. 90 
7.06 
9.83 

11.01 
13. 70 
15.77 
17. 75 
19.74 
21.74 
23.74 
a. 75 
27. 77 
29. 00 
31.04 
33.89 
35.95 
38.02 
40.10 
42. 20 
44.31 
46. 44 
48.53 
50.75 
52.94 
55.14 
57.37 
59.62 
61-90 
64.20 
66.54 
60.90 
71.30 

Extend 
R n g  1 e 

3.27 
6.55 
9.83 
13.12 
16.43 
19.74 
23.07 
26. 43 
29. 80 
3s. 20 
36.64 
40.10 
43.61 
47.16 
50. 75 
54.41 
58.12 
61.90 
65.76 
69.70 
73.74 
77.89 
82. 1 6  
86.58 
91.17 
35.95 
100.96 
106.26 
111.90 
117.99 
124.68 
132.21 
141.07 
152.54 

72.27 158.75 

D e l t a  
R n g  1 e 

1.31 
2.62 
3.94 
5.26 
6.59 
7.93 
9.29 
10.66 
12.05 
13.46 
14.90 
16.36 
17.85 
19.38 
20.95 
22.57 
24. 23 
25.95 
27.74 
29.60 
31.54 
33.58 
35.72 
37.99 
40.42 
43.01 
45.82 
40. B 9  
52.28 
56.10 
60.48 
65.67 
72.17 
81.24 
a6. 48 
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Appendix 4 Computer Progrrmr 



Appendix 4 A  Leg Length Optimization 



lsG4.m T d r y ,  February 10, 1967 

mr= hhropod_leg; {written in  Turbo-9ascal V3.0 IBn PC wrsion3 
{written by Tony Li th ,  February 10, 1987) 

Version 2 of progra added boundaries cm leg d. 
Version3ofprograrernredupperboa1njaryofs#ep 
Version 4 of program ammted for actuators mtrictiq leg larmnt. 

3 

{SI gr*.p3 {definitiars f a  extended graphics) 

m t  hard-x = 87.5; <x roofdinate of hard point) 
{y d i n a t e  of hard point) 
{height of top of Skitter) 
Cx offset of picture3 

hardy = 751.0; 
m a x y  = 902; 
off-x = loo; 

sin-% = 0.76604; kine of 50 deyrees) 
0.069612; 12 deqree inmmmt3 alpha-inc = 

reduction = 8.8; {reduetian Ntio of picture) 
ra t io  = 1.24; { t h i s  g i m  pwper Prspertive cm printer) 

<it is a u l t i p l i e r  far the x direction) 

var x i n t ,  {x-coad of end of leg in inteyer f a x )  
Y W ,  Cy-cwrd of end of leg in integer form€ 
proportion : integer; {percentage that femur is of total length3 

a w l  
beta 
tibia, C1-h of t i b i a l  
fewr : real; {length of f w r 3  

(angle fenn makes with horizontal) 
{aq le  tibia &E EM! few !rq&i;s!> 

function radian (x:real):real; 
I q i n  

radian := x (. pi / 180.0; 
end; 

begin 

end; 
writeln ( l s t ,Yl  {sends farfeed to pvinter) 

p”0Cedure printscreen; 

type resPack=- 
ax, bx, a, dx, bp, si,di, ds, cs, flags : integer; 

end; 



Tuesday, Fekruy 10, 1987 

beyin 
intr(S5,recpack); {call printscreen interrupt) 

end; 

pFocedure initialize; 

begin 
propartian := 40; {set f i r s t  prqmrtion to plot€ 

end; 

procedure find-leg_sizes (ploportian : integer); 

begin 
{to calculate leg sizes, it is as5ued that the ski t ter  is 6 meters 
high. The femur is all the way doan ($.e. al@u = 50 degrees) ud 
the t ibia  goes straight down to the ground.) 

t ibia  := 751.0 / 4 1 t Propation / ( 100 - p.opWtion) ? sin-50); 
femur := proportion t ibia  / (100 - propartion); 

end; 

begin 

end; 
alpha := radian(47.61); {reset fmw, t ibia  is reset in --tibia) 

procedure meep-t i bia; 

co115t beta-inc = 0,08727; 

var old-x, o l d y  : integer; 
in- : boolean; 

beyin 
{reset t ibia  t o  make +O degrxe angle r i t h  femur axis.) 
beta := radianHO.0); 

{reset ingrwnd f l q ,  Set true i f  leg tries t o  dig into the grormd) 
ingrwnd := false; 

{calculate old values before entry into loop, will be we as f i r s t  values) 
old-x := off-x t 

round(ratio 
(hud-x+fe#.iccls(al~)+tibiaicas(alpha+beta) 1 Ireduction) ; 

lwmd ( (hardytfeurmin(alpha)+tibiatsin(alphaa) )/reduction) ; 
Oldy := 179 - 

{if either of these conditions is tw the hole t ibia  sweep w i l l  be bad 
so exit) 



LE64.w Tuesdry, February 10, 1987 

if  (o ldy  )= 179) or (old-x (= off-x) then exit; 

repeat 
{calculate new points) 
x i n t  := o f f x  t 

rOund(rati0 (i 
(hard-xtfewriros (alpha)ttibiaWxs(alpha+beta)) /r#l&im) ; 

round ( (hardy+f#urisin[alpha) ttibiaisin(alpha+beta) 1 /dmtiar)  ; 
y-int := 179 - 

{if point is past vertical boundary, set x to boumlary and interpolate y) 
if  (x-int ( o f f x )  then begin 

y-int := o l d y  + (y-int - oldy)  i (off-x - old-x) div ( x i n t  - old-x); 
x j n t  := off-x; 

end; 

{if point is below grounl, set y to ground and interpolate x) 
if  Cy-int ) 179) then w i n  

in- := true; { t h i s  pwents stopping if  leg just touches p u d 3  
x-int := old-x t (x-int - old-x) i (179 - oldy)  div (y-int - oldy) ;  
y-int := 179; 

end; 

dradold-x, oldy, x-int* y-int, 1) ; 

{i-t tibia and stare last c c d i n a t k )  
beta := beta - beta-inc; 
old-x := x-int; 
o l d y  := y-int; 

{until tibia is swept or t ibia goes under skitter or digs into the prwnd3 
until (beta (= radian(-l07.6)) or ( x i n t  = off-x) or inqrocmd; 

end; 

begin 

end; 
alpha := alpha - alphainc; {love femtr t o  neKt positimn) 

var x : integer; 

begin 
{turn WI graphics and clear the screen3 
gra#=je; 

{plot i n  h i t e 3  
setpenrola(1); 

{put inforution on xscen3 
writeln; 



LE64.m 

writeln; 
writeln ('Femur (',purportion:2,'%) ',femur/l00:5:2,' & I ) ;  

writeln ('Tibia (',lo0 - prqmtion:2,'%) ',tibia/100:5:2,' a,'); 
writeln ('Total 
writeln; 
writeln; 
writeln; 
writeln ('Skitter'); 
writeln ('height' 1; 
writeln ('abcwe'); 
writeln ('ground :'I; 
writeln; 
uriteln; 
writeln; 
uriteln ((hardy - 151.0)/100:5:2,' &em'); 
writeln; 
witeln; 
writeln; 
writeln; 
writeln; 
writeln; 
uriteln; 
writeln ('Plot of usable sweep area of leg.'); 

',(femur t tibia)/100:5:2,' &'); 

{draw vertical boundary of usable sweep a m )  
drat (off-x,round(179 - (hardy - 151) / reduction),off_x,179,1); 
{draw skitter, first * turtle at hard point) 
setposition (&(-159 t off-x t hanl-x / reduction), 

round(-79 t hardy / reduction)); 

{point turtle in right direction) 
setheading (330); 

{ad then draw each side of skitter) 
far x := 1 to 6 do hegin 
fomd~round(174.52 / reduction)); 
turnleft (60) ; 

4; 
end; 

begin {main p r q r a d  
init ialire; 
w e a t  

f ind-leg-sizes (prop#.tion) ; 
--leg ; 
*-upgraph i=; 
repeat 
sweep-t ibia; 
iKlreant-femr 

until alpha (3 rdianH9.61); 



proportion := preportion + 2; 
printscreen; 
fmfeed; 

{goto next p.oportion3 

I until proportion = 52; 
l text&; 

end. 
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Appendix 4B Upper and Lower Actuator Optimization 
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program actuator; 

{ 

This prqra seeks t o  optimize the l e q t h  f a  the skitter-fwur actuator 
of the skittw leg. 

Optimm length is figured by which l e rq th  a f f ads  the great- am swing. 

The actuata is cansidered t o  be 60% of its extended l m g t h  lrhR rogrcswd 
3 

function arcco5 (w  : real) : real ; 
begin 

i f  ( w  -1.0) d (x ( 1.0) then 

else hegin 
a m  := - arctan(r/sqrt(-x*x+l)) + pi/2 {good for -90 ( x ( 90 degnw3 

clrscr; 
writeln (mn,'cLiEcws OVEaLMi : HST BE -1 ( X >  1.9); 
halt 

end; 
end; 

function dgpee (I : real) : real: 
begin 

d; 
degree := w 180.0 / pi 

begin h a i n  pmgrd 
a := 0.1; 
writeln (lst,' Skitterfemur ktuator optimization9); 
writeln (1st); 
writeln (1st); 
wi te ln  (lst, 'Full1 :lB,1RetNct':4'Extmd':411Rlta1 :a); 
writeln (lst, rLerrgthl :18, 'Ihgle' :8,*kqle* :4 Wyle' :8) ; 
writeln (1st); 
repeat 

alpha-& := amos 4 (6.1062 - sqr(a1) / A1062 1; 
alpha-in := amax ( (6.1062 - sqr(0.6 a))  / 6.1062 1; 
writeln (lst, a:18:2 , degree(alm-in) :8:2, degree(alpha-out) :8:2, 

a := a + 0.1; 
degree (alpha-& - alpha-in) :8:2) ; 

until a ) 3.4; 
a := 3.44; 
alpha-& :=  arm^ ( (6.1062 - sqr(a)) / 6,1082 1; 
alpha-in := areco5 ( (6.1082 - sqr(O.6 a)) / 6.1082 1; 
mite ln  (lst, a:18:2 , dqree(al@m-in) :8:2, degrcc(al#m-aM :8:2, 
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progriu actuator2; 

This program seeks to optimize the length for the femur-tibia actuator 
of the skittev leg. 

Optimum length is f i g d  by dtich length affords the greatest arc swing. 

The actuator is romided to be 60% of its extended leqth d m  EollpcsKd 
3 

var a, 
alpha3 
alpha-out : real; 

function  arm^ (x : mal) : real ; 
begin 
if (x 1 -1.0) and (x ( 1.0) thm 

else begin 
UCC(K := - arctm(x/sqrt(-x*x+l)) + pi12 {good far -90 ( I ( #) degrees3 

clr5cr; 
writeln (r0rq"UXXJS OvEaLOw : IIRGuIM nSr BE -1 ( X ( la?); 
ha1 t 

end; 
end; 

function degree (u : mal! : m ~ l ;  
beyin 

end; L 

degree := x 180.0 / pi 

begin {main p.ogrm3 
a := 0.1; 
writeln (lst,' Faurtibia llctwtor optimization1); 
writeln (1st); 
writeln (1st); 
writeln (lst, ' Full' :16, ' Mr&' :&' Extend' :ti, 'Delta9 :a) ; 
writeln (lst, 'Lerrgth' :l6, 'Ihgle' :6, 'Ihglel :6, 'kqle' :a); 
writeln (1st); 
repeat 
alpha-out := u'ccos ( (6.18 - sqr(a1) / 6.125 1; 
alpha-in := arcco5 ( (6.125 - qr(0.6 i: a)) / 6.125 1; 
writeln (lst, a:16:2 , degree(alpha-in) :a:& degree(al@-out):8:2, 

a := a t 0.1; 
degree (alpha-out - alphajn):8:2); 

until a ) 3.4; 
a := 3.44; 
alpha-& := arcco5 ( (6.125 - sqr(a)) / 6.125 1; 
alpha-in := arcco5 ( (6.125 - sqr(0.6 a)) / 6,125 1; 
writeln (lst, a:18:2 , deyree(alpha-in1 :a:& degrddpha-aut) :a:& 
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degree (alpha-& - alpha-in) :8:2) ; 
end. 



Appendix 5 Material Propertiee and Equipment Specifications 



Experiment vs Whitney-Riley Theoretical Wodel for Boron-Epoxy Composite 

(Ef 60 X 10' psi, vf = 0.2, E,,, - 0.6 x 10' psi, vm = 0.35) 

w;H\ mj"'?"''t 
E l  (psi) ~VGL EZ(PW 9 V - u  GI (psi1 

Vol S 
fiber Experiment Theoretical S Dif. Experiment Theoretical I Dif. Experiment Theoretical I Dif. 

-- - -  - -  - -  -- 20 11.7 x 10' 12.5 x 10' 6.84 -- 
55 30.1 x 10' 33.3 x loc 7.80 -- 
60 35.7 x 10' 36.2 x 10' 1.40 3.10 x 10' 3.08 x 10' 0.65 - -  
65 35.5 x 10' 39.2 x 10' 10.41 3.40 x 10' 3.55 x 10' 4.41 -- 

- -  - -  - -  - -  - -  
- -  -- 
-- -- 

70 ( 3 4 . 5 3 1 4 2 . 2  x 10' 23.30 -]4.20 x 10' 8.25 1.77 x 10' 1.09 x 10' 38.4 

75 - -  - -  - -  4.90 x l o 6  5.00 x 10' 2.04 2.43 x 10' 1.25 x 10' 48.5 





Appendix .6 Alternate Design Concepts 







Possible design 0 4  

Lunar Rr t hr opod I eq+ 
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Appendix 7 Progress  Reports 



January 14, 1987 

nEWORANDUn 

TO t Hr. Braze11 

FROM t Group I11 (Arthropod Group) 

SUBJECT8 Weekly Progreme Report 

1. Eugene Fitaher, a proferror at Oregon State Univerrity, 
war aontaated about him rerearah of inreot legr. He stated that 
no real research has been done on the kinematics and dynamics of 
insect leg movements (his project ha6 not really etarted). He 

i did tell UP that all Insects have at least three member6 on 
I their legs. Also, he said that no research ha6 been done on 

robots with three legs, but that a lot has been done on four, 
six, and even one legged robots. Finally, he gave us some 
sources to check for robotic leg research (computer operated and 
multi-jointed). We are sending him a thank you note for spending 
time with us. 

2. A program ham been written to find the optimum dimen8ionr 
of eaoh leg regment. It doe6 thl6 by incrementing through all 
pos6ible leg anglee and checka If the point6 that are reached 

. are usable. We have to decide on a feu initial conditione <elg. 
amount of angular displacement of upper leg) before thie program 
will give  us any data. An of nov, it take6 at least six hours 
on a PC to check one possible dimension. 

3. Some rketohem were m8de of porrible leg oonfiaurationr. 
Also, it WES decided that w e  need to start off by finding out 
the needed performance characteristics of the skitter (e.g. 
maximum height, able to eit on the ground, parked position of 

I 

I lege, etc.) 
I 
I 4. A preliminary draft of our problem rtatement ha8 been 
1 

written. It is lieted belou. 

PROBLEI STATEHENT 

The purpose of this project I6 to alter the exieting leg design 
of a three-legged mobile platform intended to operate on the 
lunar eurface. The design vi11 Incorporate a multi-jointed leg 
of the femur-tibia configuration. This project vi11 seek to 
optimize this configuration by taking into account ell pertinent 
parameters including but not limited to materiel, ~tresees, 
etructure, and nobility. 

5. Thm entire group vent to the Fernbank Soienoe Center 
leaturo on the lunar environment. After the lecture ve watched 
the show. Both were lntereeting and informative. 



. leqs for Lunar' fr t hr opod 

U 

. .  
. . .  



January 21, 1987 

TO: H r .  Braze11 

FROM : Group I11 (Arthropod Group) 

SUBJECT: Weekly Progress Report 

1. The program to optimize the leg regnant rizer hmr been 
rewritten to perform the mnmlyrir grmphiomlly. Thie waa done so 
as to obtain results in a ohorter period of time. A l 6 0 ,  some 
assumptions were arrived et (leg travel, ma% height, etc.) that 
vere used in running the program. The optimum dimensions as far 
as reach only i r r  concerned is 42% for the femur and 58% for the 
tibia. The range from 40% to 50% vas very similar and really 
any of these dinensione could be used. This may happen if lrter 
i t  i t a  found that another dimenelon serve6 rrnother purpose better. 

2. The group n8t mnd diraumred mrmr thmt nood to bm reremrohed 
and the direution our projeat rhould tmke. Subjecte that will 
be researched include the lunar buggy and other epace platforms, 
checking  manufacturer'^ cetalogs for different kinds of available 
joints and actuators, and lubrication. 

3. We will be talking to Dr. Winmr about molid lubriomtion. 
We believe that thie may be an ideal way to lubricate the joints 
on the skitter due to no atmoephere. 

4. We h8ve rpoken to Dr. J .  a. Simitrer about tho ure of 
aomporite mmterimlr. He told UE what to l o o k  for and where to 
find it. In particular, he told us uf a handbook of propertierr 
to look at that ehould be very helpful. 

5. We hmve ahoren tit18 for our projeat. It will be : 

An Alternate Deeian for the Skitter Leq 
A Femur-Tibia ADDrOaCk& 

6. A meaond draft of our problem mtmterent hmr been written. 

, 





January 28, 1987 

I 

I I 

I 

nEnORAHDUn 

TO : Hr. Braze11 

FROM : Group I11 (Arthropod Group) 

SUBJECT, Weekly Progreee Report 

1. The final draft of our problem rtateamt hmr been 
written. 

2. The rweep area of the 8kitter leg for It8 entire range 
of motion ha8 been plotted on a grid, We will be entering 
it into the draving program on the HP computer. A lot of 
information can be gotten from this chart (e.g. max leg 
extension vlth skitter a certain distance above ground). 

3. We talked to Dr. Simitmer agrin rnd he told urn of  three 
ASTW STP publioation8 to l o o k  into. They cover testing and 
deelgn of composite6 and conpoeitee for extreme envlronments. 

4. We talked to Dr. Winer and he told urn about three 
tribology referenoem. They are the Tribology Handbook, 
Tribology Engineering, and Wear Control Handbook. 

5. We have rtarted to look Into molid lubriorntr of the 
pisirt ia  vrriety. 

6. We have a lirt of Aerompmoe Teahniarl Report8 that may 
be of interert to our group. Hovever, the library only had 
a feu of these. We are hoping to be able to get sone from 
NASA. 

7. We have rtarted looking into different kind8 of jointr 
for the leg. We are starting our eearch vlth pin joints. 





February 3, 1987 

TO t Hr. Braze11 

FROH I Group I11 (Arthropod Group) 

SUBJECT8 Weekly Progress Report 

1. Our midterm prerentrtion wa8 preprred. Along with 
this, we have decided how we will progrese with our project 
during the rest of the quarter. 

2. We found a referenoe on Shuttle !¶rterirlr. It seems 
like it will have a lot of valuable information regarding 
the selection of the material for the leg. Other references 
we have found include: Tribology Handbook, Test Methods and 
Design Allowable8 for Fibrous Compoeites, AE 4817 Class 
text, and another lubrication manual. 

3. We have r aonaepturl derign for the leg jointr. . A  
graphic is Included with the report. It will be lubricated 
with a solid lubricant and rill have some sort of 'dust' 
shield to protect the joints. 

4. We have gathered inforartion f r o m  referenoem to help urn 
rtmrt derigning the leg. For example, the leg vi11 be made 
af r=r?r?d tubing V L .  equere tubing. N A S A  studies have shown 
that a 30-40% weight savings is obtained using round tubing. 
Also, this will be a better shape for the use of composites. 
W e  plan to use a woven composite eo a8 to approach isotropic 
material properties. 





February 16, 1987 

nEnORANDUn 

TO: Hr. Braze11 

FROX a Group 111 (Arthropod Group) 

SUBJECT: Weekly Progress Report 

1. We hrve narrowed our nrterirlr ohoioe down to two 
mrterirlr, with the leader being r boron epoxy aomporite. 
We are currently trying to get more low temperature data on 
the material. We are trying any manufacturers, etc. 

2. Tho rwmep mrer of the leg h m m  been reorlaulmted trking 
into raaount tho offeat  o f  aaturtor notion. Since the 
actuators w i l l  limit the angular sveep of each segment of 
the leg, the area is now much smaller. However, it still 
appears to serve all of the intended purposes (1.e. a 4 m  
stroke for the drill, and a fairly good reach to stabilize 
the crane). 

3. We 8ro beginning to derign 8 foot for the leg. Now 
that their is no actuator at the bottom of the leg, a foot 
will be very desireable. Some of the ideas presented so far 
is that it should  be of minimum weight, very durable and 
most likely not pivoted. So that it will work at any leg 
angle, it will be somewhat hemispherical. 

i 
4. We are  oontinuing our derign of the jointr. We believe 
that pin joints ere a viable alternative. With a combination 
of a boot and a labyrinth seal, we believe that the joint 
could be very effectively sealed from the environment. This 
is more of an alternative to us than the digger group 
because our joints will not be dregged through the so i l .  

. .  

. 





February 18, 1907 

nEMORANDUn 

TO : Mr. Braze11 

FROM : Group 111 (Arthropod Group) 

SUBJECT: Weekly Progress Report 

1. We spoke with a representative at N A S A  who strongly 
advised us against using hydraulic actuators. He is sending 
u s  information on rotary ball screw and jack actuators which 
he said is the current 'beet' alternative. He is also 
sending us all the available information he can find on 
the boron epoxy composite we are considering. 

2. We are checking for manufacturers of the boron epoxy 
composite. We need to contact them to find out the low 
temperature properties of the composite. So far, we have 
only found the properties from 200F to -150F. We still need 
to find out about the lower SOF. 

3. We have performed force analyses on the leg for the 
crane load. We believe that the crane will be the most 
limiting component the skitter uses. It appears that 
buckling of the leg at full crane load will be a design 
constreint. We are checking on how to perform the buckling 
analysis since the leg will have multiple members. 

4. We are still working on the foot design of the leg. It 
appears that the hemispherical foot made of metal strap6 will 
work.out the best since it will have no moving parts. It 
vi11 be attached at the bottom to the leg and be cross-braced 
at the top to the members. 
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February 25, 1967 

nEnORANDUn 

TO t Mr. Braze11 

FROM : Group 111 (Arthropod Group) 

\ SUBJECT; Weekly Progress Report 

1. W e  have made a structural design for the leg. There 
should be only a few minor change6 to do. ~ 

2. We are calling around to obtain more data on ball screw 
actuators. 

3. We have researched the references that NASA gave us the 
names of. One is not in the library and we are checking to 
see if it is available eleewhere. The other uas checked out 
and we have placed it on hold. 

4. We are still progressing on the foot design. One 
reference we are looking at is the NASA report on the lunar 
buggy. It ha6 some very good data on lunar soil. 

5. We have made assignments to the team members on writing 
the report. A preliminary first draft ehould be ready in a 
little over e week. W e  will be writing an outline shortly. 



L 
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March 3, 1387 

MEMORRNDUM 

TO : M r .  B r a z e 1 1  

SUBJECT : Week. 1 y P r o g r e s s  R e p o r t  

. .  
< . .  

1. W e  h a v e  c l t - q a n i z e d  a schedule t h a t  a u t  l i n e s  o u r - .  a c t i v i t i e s  
i ~ p  trl t h e  time o f  t h e  p r e s e n t a t i u n .  T h e  t h i n g s  l e f t  to dm 
a r e  ct:ancerrIed ma1 rt 1 y w i t h  t h e  p r e p a r a t  i ctrl o f  t h e  w r  i t t e n  arid 
oral  p r e s e n t a t  im-t. 

3. W e  h a v e  made a n  o u t l i r t e  for car  paper  arid h a v e  made 
w r i t i n g  a s s i g n m e n t s  to  t h e  d i f f e r e n t  team mernbers. T h e  
p a p e r  w i  11 be p r e p a r e d  a n d  r e v i e w e d  t h i s  ccmirrg weekend.  

3. W e  a re  a n a l y z i n g  t h e  forces i n  the i n d i v i d u a l  members  a t  
t h e  t i r n e  o f  w o r s t  ca5e lc ladir tg  o n  t h e  l e g .  D u e  to l a c k  of 
t inie to become p r o f i c i e n t  i n  a crtrciputer- prograrn t o  pe r fcwm 
t r u s s  force a n a l y s i s ,  w e  a r e  d o i n g  t h i s  m a n u a l l y .  

4. W e  w i l l  b e  b u i l d i n g  a made l  t h e  n i g h t  of March 4. T h e  
material  5 h a v e  been p u r c h a s e d .  
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